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Abstract 
Structural control for civil structures was born out of a need to provide safer and more efficient designs with the reality of limited 
resources. The purpose of structural control is to absorb and to reflect the energy introduced by dynamic loads such as winds, 
waves, earthquakes, and traffic. Today, the protection of civil structures from severe dynamic loading is typically achieved by
allowing the structures to be damaged. Semi-active control devices, also called “smart” control devices, assume the positive 
aspects of both the passive and active control devices. A semi-active control strategy is similar to the active control strategy.
Only here, the control actuator does not directly apply force to the structure, but instead it is used to control the properties of a 
passive energy device, a controllable passive damper. Semi-active control strategies can be used in many of the same civil 
applications as passive and active control. One method of operating smart cable dampers is in a purely passive capacity, 
supplying the dampers with constant optimal voltage. The advantages to this strategy are the relative simplicity of implementing
the control strategy as compared to a smart or active control strategy and that the dampers are more easily optimally tuned in-
place, eliminating the need to have passive dampers with unique optimal damping coefficients. 
This research investigated semi-active control of civil structures for natural hazard mitigation. The research has two components, 
the seismic protection of buildings and the mitigation of wind-induced vibration in structures. 
An ideal semi-active motion equation of a composite beam that consists of a cantilever beam bonded with a PZT patch using 
Hamilton’s principle and Galerkin’s method was treated. A series R-L and a parallel R-L shunt circuits are coupled into the 
motion equation respectively by means of the constitutive relation of piezoelectric material and Kirchhoff’s law to control the
beam vibration. A numerical example of the parallel R-L piezoelectric vibration shunt control simulated with MATLAB® is 
presented. An analytical study of the resistor-inductor (R-L) passive piezoelectric vibration shunt control of a cantilever beam
was undertaken. The modal and strain analyses were performed by varying the material properties and geometric configurations 
of the piezoelectric transducer in relation to the structure in order to maximize the mechanical strain produced in the piezoelectric 
transducer.  
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1. Introduction 
Civil structures, such as buildings and bridges, are an integral part of modern society. Traditionally, these structures 
were designed to resist static loads. Civil structures are, however, subjected to a variety of dynamic loadings, 
including winds, waves, earthquakes, and traffic. These dynamic loads can cause severe and/or sustained vibratory 
motion, both of which can be detrimental to the structure and its material contents and human occupants. The extent 
of protection required for these structures may range from reliable operation and occupancy comfort to human and 
structural survivability. One way of protecting structures from severe dynamic loading is the use of control devices. 
There are three primary classes of supplemental damping devices, categorized into three corresponding control 
strategies. The first class of supplemental damping devices is passive (Soong and Dargush, 1997). They are non-
controllable and require no power. The second class of supplemental damping devices is active (Spencer and Soong, 
1999, and Soong and Spencer, 2001), which are controllable, but, require significant power to operate. Finally, the 
third class of supplemental damping devices is semi-active (Spencer and Sain, 1997). These devices combine the 
positive aspects of passive and active control devices in that they are controllable (like the active devices) but 
require little power to operate. Figure 1 shows graphically how these control devices and their control strategies are 
related. 
Figure 1: Control strategies and associated supplemental damping devices.
2. Structural Control 
2.1. Piezoelectric vibration control 
Another vibration treatment is known as Active Vibration Control (AVC) as discussed by Beranek et al (1992). 
With active vibration control, mechanical force is induced in the piezoelectric materials as the result of electrical 
energy being applied on the piezoelectric materials to counteract or cancel the existing vibration. Ideally, the force 
generated by the piezoelectric actuator has the same amplitude as the vibration but in anti-phase. Thus the vibration 
can be cancelled out known as vibration cancellation. The active vibration controls usually require a control loop or 
system and a control law. 
Figure 2 is a block diagram of a basic active control system (Preumont, 1997). When the sensors/actuators as well as 
electronic components are highly distributed and integrated in the structure, capable to perform functions like self-
sensing, self-actuation, self-diagnosing etc. then the structure can be considered as a Smart or Intelligent structure. 
Figure 2: Block diagram of a basic active control system (Smart structure) (Preumont, 1997) 
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2.2. Average normal Stress and Strain in Composite Beams 
Beams made of more than one material are known as composite beams. The examples of the composite beams are 
bimetallic beams, sandwich beams and laminated beams, which consist of multi-layer beams of different materials. 
Figure 3 (a) shows a simple composite beam that is made of a PZT layer bonded on the outer surface of a uniform 
cantilever beam. It is assumed that the PZT layer and the beam are firmly bonded together, the PZT and beam 
models are linear and elastic and the material properties of the PZT and beam are homogeneous and isotropic. 
       
Figure 3: Composite beam made of a cantilever beam with a PZT patch attached
Although made of different materials, the normal strain distribution through the depth of the composite beams is still 
linear, same as the normal strain distribution of the beams made of a single material. However, unlike the beams 
made of a single material, the stress distribution in the composite beams is not linear but piecewise linear. The stress 
of individual layer is the product of the strain and the Young’s modulus of the material of the layer. The level of 
normal strain in the layer can be different depending on the location of the neutral surface of the composite beam. 
The neutral surface is the surface where strain/stress is zero. The strains/stresses below the neutral surface and above 
the neutral surface have opposite signs. In pure bending, the normal strain ߝ௫ and normal stress ߪ௫ in x-direction can 
be expressed as, respectively, 
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M and I are the bending moment and the area moment of inertia of the composite beam respectively. 
From Equation (1) and Equation (4), the normal strain along the x-coordinate can be calculated as: 
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െݖ
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ܯݖ
ܧ௜ܫ
ሺ͸ሻ
For the PZT layer, the strain in the middle (centeroid) surface of the PZT is 
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For the composite beam shown in Figure 3, we define a thickness ratio ߤ that is the ratio of the PZT thickness over 
the beam thickness, and a Young’s modulus ratio n that is the ratio of the Young’s modulus of the PZT over the 
Young’s modulus of the beam respectively, that is,  
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Substituting Equations (8, 9) into Equation (7), we have : 
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The plot of the average strain in the PZT with four different thickness ratios is shown in Figure 4-a. The Young’s 
modulus of the beam and bending moment used in the simulation are ܧ௕ ൌ ʹǡͷሺܩܲܽሻ and M =100 (N *m)
respectively.
Similarly, for the beam layer, the strain in the middle (centeroid) surface of the beam is 
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The plot of average strain in the beam with four different thickness ratios is shown in Figure 4-b.  
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              Figure 4-a: Average strain of the PZT layer                     Figure 4-b: Average strain of the beam layer
Figure 4: Average strain on the middle surface of the PZT
Figure 4-a and Figure 4-b show that the strain in the beam and the strain in the PZT have opposite sign, and when n
is not too large, the average strain of the PZT is much larger than that of the beam. 
The stress ߪ can be obtained from equation ൌ ܧ௜ߝ , where ܧ௜ is the Young’s modulus  
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The average stress of the PZT layer is 
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           Figure 5-a: Average stress of the PZT layer                     Figure 5-b: Average stress of the beam layer 
Figure 5: Average stress on the middle surface of the PZT 
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One can notice that the ratio of average stress in the beam over average stress in the PZT is equal to the thickness 
ratio ߤ but in opposite sign, i.e. ሺఙ್ሻಲೡ೐
൫ఙ೛൯ಲೡ೐
ൌ െߤ .Whenߤ ൌ ͳ, this means the average stress in the beam and the PZT 
are the same but with negative sign. 
Negative sign means that one is in compression and the other is in extension or vice versa. 
This is consistent with beam theory. 
Figure 5-a and Figure 5-b are the plots of the average stress in the PZT and the average stress in the beam 
respectively.
3. Conclusion 
These figures indicates that the electrical field E produced in the PZT is in proportion to its strain  . Larger strain 
will produce larger electrical field and lead to a larger output voltage, therefore, more mechanical energy can be 
converted into electrical energy that can be dissipated by an electrical network. Figure 4-a has shown that the 
average strain in the PZT layer monotonously decreases when the ratio of Young’s modulus n increases but the 
average stress in the PZT layer as shown in Figure 5-a does not have the same trend. This is owing to the distance 
between the centeroid of the PZT and the neutral surface getting narrower when n increases, therefore the average 
strain becomes smaller. On the other hand, stress is the product of strain and Young’s modulus. The increase of the 
Young’s modulus of the PZT compensates for the decrease of strain in the PZT. This is the reason why the average 
stress in the PZT layer does not follow the same trend as the strain when n increases. However, the average strain in 
the beam layer shown in Figure 4-b has the same trend as the average stress in the beam layer as shown in Figure 5-
b since they are related by a constant Young’s modulus. It is important to stress that the electrical field produced by 
the PZT is in proportion to its strain rather than to its stress. In order to have more strain in the PZT layer, from 
Figure 4-a, one can see that the Young’s modulus ratio needs to be small. 
The R-L passive piezoelectric vibration shunt control is the narrowband control that targets the natural frequency of 
structures. It is very sensitive to the shift of the natural frequency to be controlled. When the frequency of a shunt 
circuit does not match the natural frequency to be controlled, the effectiveness of the shunt control will worsen 
dramatically. In reality, the natural frequencies of structures often shift when boundary conditions, material 
properties or environments change. 
With the help of the MATLAB® simulations, it was found that the material properties and geometrical sizes of the 
structure and piezoelectric transducer have significant influence on the effectiveness of the passive piezoelectric 
vibration shunt control. 
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